We consider Type IIB orientifold models on Calabi-Yau spaces with three-form G-flux turned on. These fluxes freeze some of the complex structure moduli and the complex dilaton via an F-term scalar potential. By introducing pairs of D9-D9 branes with abelian magnetic fluxes it is possible to freeze also some of the Kähler moduli via a D-term potential. Moreover, such magnetic fluxes in general lead to chiral fermions, which make them interesting for string model-building. These issues are demonstrated in a simple toy model based on a Z
Introduction
There exist many obstacles that string theory has to overcome in order to make contact with low-energy physics. The list of problems contains in particular the question of how to remove the huge vacuum degeneracy, i.e. how to fix the moduli that are typically present in any string compactification. Second, the light string modes must reproduce the spectrum of the standard model; hence realistic string vacua must naturally lead to chiral fermions.
A third, very important issue is the problem of space-time supersymmetry breaking, which eventually has to be achieved without creating any new vacuum instabilities. With the advent of D-branes and also with the introduction of background fluxes in the internal space, some new perspectives in addressing these questions arose during the last few years.
First, in the context of intersecting brane world models with type IIA D6-branes wrapped around 3-cycles of the internal Calabi-Yau space, it is possible to construct in a systematic way orientifold compactifications with standard model-like spectra with chiral fermions. Part of the space-time supersymmetry is preserved if the intersecting D6-branes wrap supersymmetric (special lagrangian) 3-cycles, which must be calibrated with respect to the same holomorphic 3-form as the O6-planes are. In general, the tension of the D6-branes and of the O6-planes introduces a vacuum energy, which is described by a Fayet-Iliopolous term in the language of N = 1 supersymmetric field theory [16] . These D-terms depend only on (part of) the complex structure moduli, which can be fixed upon minimalization of the potential. In the (T-dual) Type IIB mirror picture, one is dealing with magnetic gauge fluxes on the world-volume of D9-branes [2, 20] . Since the Type IIB Fflux is integrated over 2-cycles of the Calabi-Yau space, the D-term potential now stabilizes (part of) the Type IIB Kähler moduli.
Another recent approach to moduli stabilization involves Type IIB background 3-form fluxes on the internal Calabi-Yau manifold, G = τ H 3 + F 3 , where H 3 originates from the NS-NS sector, F 3 from the R-R sector and τ is the dilaton that "complexifies" the flux [26] .
These so-called G-fluxes give rise to a scalar potential, which freezes many of the complex structure moduli of the Calabi-Yau and the dilaton. In addition, supersymmetry may get partially or completely broken. A very convenient way of analyzing the consequences of turning on G-fluxes is to use an effective superpotential that can be computed from the tendimensional kinetic terms for the 3-forms [27] . Using the effective F-term (super)potential, the vacuum structure of this type of flux compactifications was recently discussed in several papers [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . Upon inspection of the induced potential, one realizes that turning on these fluxes on a compact Calabi-Yau space in a local way, i.e. such that H 3 ∧ F 3 = 0, the minima of the potential are generically at those points in the Calabi-Yau moduli space where the geometry degenerates and supersymmetry is restored [27] . So far, partial supersymmetry breaking was only shown to be possible at certain (conifold) points of a non-compact Calabi-Yau space. As we will discuss in this paper, by choosing non-local fluxes with H 3 ∧ F 3 = 0, partial supersymmetry breaking and moduli stabilization can also be achieved at points where the compact Calabi-Yau space is non-degenerate.
The main aim of this paper is to combine the G-flux compactifications with the scenario of Type IIA intersecting branes or, respectively, with Type IIB magnetic gauge fluxes on D9-branes. For concreteness, we will apply the general formalism to a Type IIB Z Z 2 ⊗Z Z ′ 2 orientifold model with O3-and three sets of O7-planes. We turn on both non-trivial G-flux through 3-cycles of the orbifold space and non-trivial abelian magnetic F-fluxes through 2-cycles supported on pairs of D9-D9 branes. Thus, we cancel the localized tadpoles of both the O3-and the O7-planes in a non-local way. At leading order, we will show that the F-flux through 2-cycles will allow for an N = 1 supersymmetric orbifold ground state, with chiral fermions and part of the Kähler moduli frozen via a D-term potential. In addition, the G-fluxes through 3-cycles can be chosen in such a way that additional complex structure moduli are stabilized by an F-term potential, and that N = 1 space-time supersymmetry either is kept unbroken or is broken by the G-fluxes. Since we are choosing the G-fluxes in a non-local way, H 3 ∧ F 3 = 0, the Chern-Simons term in the ten-dimensional effective IIB action will provide a G-flux contribution to the Ramond charges, which has to be canceled by the various non-local D-brane charges together with the negative R-R charge of the orientifold planes.
Let us emphasize that in this paper we are only working in leading order in string and sigma model perturbation theory. In particular, since we are not canceling the D7brane charge locally, we are neglecting the significant back-reaction on the dilaton and the background geometry, which, as we learned from F-theory, is expected to lead to non-Ricci-flat manifolds.
The paper is organized as follows. In the next section we briefly define our Type IIB Z Z 2 ⊗ Z Z ′ 2 orientifold model. Then, in section 3, we introduce the 3-form G-fluxes, compute their R-R tadpoles, and discuss some general features of G-flux-induced potentials. We stress the importance of mutual "non-locality" of the R-R and NS-NS fluxes in avoiding ground states corresponding to degenerate Calabi-Yau manifolds. In the next section, we work out some details of the Z Z 2 ⊗Z Z ′ 2 orientifold compactification and discuss the pattern of complex structure moduli stabilization and the issue of supersymmetry breaking. Finally, in section 5, we introduce D9-D9 branes with F-fluxes and present a supersymmetric brane configuration with chiral fermions, which satisfies all tadpole conditions. It should be mentioned that this model is not realistic; however it neatly demonstrates that models with G-fluxes and D9-D9 branes with F-fluxes (or intersecting D6-branes in the T-dual picture) can be constructed in such a way that the chiral fermions survive and both types of moduli can be at least partially stabilized. We hope that our construction can serve as a template for more realistic model-building.
The Type IIB orientifold model
In [34] it was explicitly shown how turning on appropriate 3-form fluxes in a toroidal orientifold [ΩR(−1) F L ] model can lead to supersymmetry breaking while freezing some of the complex structure moduli, Kähler moduli, and the dilaton. At the level of the fourdimensional effective action, the freezing of the complex structure moduli and the dilaton was due to the F-term potential [27] . After turning on this G-flux, the Chern-Simons term in the ten-dimensional Type IIB effective action produces a tadpole for the R-R 4-form potential. In general, additional D3-branes had to be present in order to satisfy the R-R tadpole cancellation condition for the 4-form. The resulting gauge theory on the D3-branes in the example discussed in [34] is always non-chiral. In view of applications to realistic string model building, it is desirable to generalize such flux compactifications to cases admitting chiral gauge theories.
It is known that a large class of chiral models is given by intersecting brane world models or, in their T-dual version, by D-branes with magnetic fluxes [44, 45] . Since we would like to have the possibility to preserve supersymmetry, we are led to flux compactifications on orientifolds of Calabi-Yau threefolds. To be more precise, in this paper we consider a simple orientifold model, namely we choose the Calabi-Yau to be given by the orbifold
(2.1)
The two Z Z 2 operations are given by θ :
on the three complex coordinates of T 6 = T 2 × T 2 × T 2 . These data do not specify the orbifold completely, as we have the freedom to introduce a discrete torsion in the Z Z 2 twisted sectors. Following [46] we associate the model without discrete torsion to Hodge numbers (h 21 , h 11 ) = (51, 3) and the model with discrete torsion to the mirror with (h 21 , h 11 ) = (3, 51) . Thus, for the first model, in the three Z Z 2 twisted sectors the 3-cycles survive the projection, while for the second model the 2-cycles survive. For reasons that will become clear in the following, we choose the model with discrete torsion to be our sixdimensional background X. Thus, we can say that on X all 3-cycles derive from 3-cycles on the ambient T 6 . The massless bosonic modes in the untwisted sector arise as follows.
From the ten-dimensional graviton one gets the four-dimensional graviton, g µν , and 9 scalars from the internal components of the metric g ab . Six of these scalars form 3 chiral multiplets containing the 3 complex structure moduli T i In order to introduce objects that contribute negatively to the R-R tadpole, we now take the additional quotient by ΩR(−1) F L , where R reflects all three complex coordinates: z I → −z I . This breaks supersymmetry in the closed string sector down to N = 1 and introduces 64 O3-planes located at the fixed points of R in addition to three sets of 4 O7-planes located at the fixed locus of Rθ, Rθ ′ and Rθθ ′ .
There is a subtlety at this point, which deserves some clarifying comments. As shown in [46] , the perturbative orientifold with discrete torsion is forced to contain exotic orientifold planes in order to satisfy the cross-cap constraint 1
3)
Such exotic orientifold planes have positive charge and tension, which is not what we want.
Therefore, starting from the perturbative model, we turn on an additional discrete NS-NS 3-form flux through the orientifold planes in order to turn them into ordinary O-planes [47] . The price we are paying for this is that we no longer have any perturbative orientifold;
this, however, is not so disturbing, as we will turn on R-R fluxes anyway. Note that the intersecting brane world model discussed in [13, 14] is T-dual to the Type IIB orientifold model without discrete torsion and therefore not to the model we will discuss here.
To proceed farther, we now allow turning on non-trivial 3-form fluxes, which will contribute to the 4-form tadpole. In order to cancel the three 8-form tadpoles, we have to introduce additional D7-branes. Since we would like to discuss chirality, we allow more generally the presence of D9-branes with magnetic fluxes. We can recover lowerdimensional branes in some infinite limit for the flux.
Three-form fluxes
In this section, we discuss the effect of turning on NS-NS and R-R 3-form fluxes on the internal Calabi-Yau manifold. We are using the conventions and notation of [27] and [48] .
R-R tadpole
The Chern-Simons term in the Einstein-frame effective Type IIB action looks like
Recall that G = τ H 3 + F 3 , where H 3 comes from the NS-NS sector, F 3 from the R-R sector and τ = C 0 +ie −φ is the dilaton which "complexifies" the flux. The ten-dimensional gravitational coupling is given in terms of α ′ as κ 2 10 = 1 2 (2π) 7 (α ′ ) 4 . From (3.1) it is clear that turning on a non-trivial G-flux leads to a tadpole for the 4-form C 4 . In fact, the contribution to the tadpole is given by
To describe the fluxes we assume that we have an integral basis of the homology
. In terms of the Poincaré dual basis of H 3 (X, Z Z), (α Λ , β Λ ), the covariantly constant (3, 0) form can be expanded as
with
where the periods X Λ and F Λ are functions of the complex structure moduli T i (i = 1, . . . , h 21 ). Due to the Bianchi identities, the three-forms H 3 and F 3 are closed, therefore in cohomology they can be expressed as integer linear combinations
Thus the complex three-form flux can be written as
with e Λ = τ e 1 Λ + e 2 Λ and m Λ = τ m 1Λ + m 2Λ . In this notation, the tadpole (3.2) becomes
The scalar potential
The kinetic term for the G-flux
when integrated over the internal manifold, gives rise to a scalar potential, which has been computed in [27] . Note, that we use the convention that the Hodge star operator involves also complex conjugation. Working in the (α Λ , β Λ ) basis the computation is straightforward when one uses the following action of the Hodge star operator
where the four matrices A, B, C, D can be expressed in terms of the period matrix N
(3.10)
In a symplectic basis in which the prepotential F exists [48] ,
The scalar potential resulting from (3.8) can be expressed as
Since the period matrix depends on complex structure moduli, V is a function of T i and τ . This scalar potential can also be rewritten as 13) or as
Recall that in our conventions, one requires ImN < 0 in the physical domain of positivedefinite kinetic energy terms, while Imτ > 0.
In [27] , only the "local" case of N f lux = m×e = 0 was considered. Then it is easy to see that no stable minima of the potential exist, except at some singular points (or limits)
where the period matrix degenerates. In order to understand the origin of this result and the "non-local" case of m×e = 0, we first notice that there are two obvious candidates for the minima, at and (3.16) can be solved. Note that the potential is always positive at the minimum point:
In [27] is was shown that the first term in (3.13) can be understood as the F-term scalar potential arising from the superpotential
In fact, by using the identities [48] 
Assuming that (3.15) is satisfied,
the existence of a supersymmetric minimum is therefore not guaranteed, unless W = 0 for some choice of fluxes. If the minimum is described by Eq. We will see in section 5 that the topological m×e term in (3.19 ) plays an essential rôle in the computation of the Fayet-Iliopolous terms for the abelian gauge groups on the D-branes, which have to be introduced to cancel the R-R tadpoles. The m × e term is proportional to the R-R three-form charge, which already indicates that it is nothing else than the effective "D3-brane" tension of the G-flux.
Another, equivalent way of discussing supersymmetry breaking is by examining the supersymmetry transformations of fermions [34] . The condition for (at least one) unbroken supersymmetry can be succinctly summarized as the requirement that G be a pure (2,1) [or (1, 2)] form. Is this condition satisfied in a vacuum described by Eqs. (3.15) or (3.16)?
It is easy to see that Eq. (3.15) is equivalent to the condition that G be "imaginary antiself dual", i.e. ⋆G = −iḠ; hence, in addition to the (2, 1) part, it may also contain (0, 3); the latter may vanish, though, for a particular choice of fluxes, which ensures W = 0 at the minimum. Similarly, Eq. (3.16) describes an "imaginary self-dual" flux configuration, ⋆G = iḠ, a (1,2) form with a possible (3,0) admixture that vanishes if W = 0. Note that the additional condition for supersymmetry, namely that the G flux has to be primitive,
can be satisfied on a Calabi-Yau manifold, as there are no cohomologically non-trivial closed 5-forms.
We conclude that a stable vacuum can only exist in the "non-local" case of m×e = 0 i.e. with a non-vanishing N f lux . This typically leads to a complete supersymmetry breakdown; however, one (or more) supersymmetry may survive if the moduli satisfy one additional constraint. Note that the number of equations contained in (3.15) [as well as in (3.16)] is equal to the number of undetermined moduli (including the dilaton), and that moduli stabilization is therefore expected to occur for a generic pattern of fluxes while unbroken supersymmetry would take place only in some special cases. In the next section we will describe examples illustrating both kinds of situations.
As an example we now apply the general formalism presented in section 2 to our
Cohomological basis
The following closed 3-forms on the toroidal ambient space are invariant under the
(4.1)
These are Poincaré-dual to the obvious 3-cycles on T 6 . Note that expanding H 3 and F 3 in terms of these eight 3-forms guarantees that the 3-form fluxes in (3.5) are invariant under the orientifold symmetry Ω R(−1) F L .
There are three moduli, T i ≡ R i + iI i , i = 1, 2, 3, which define the complex structure:
defines the homogeneous coordinates X Λ and the derivatives F Λ = ∂ Λ F of the prepotential
Therefore the prepotential is given by
It is convenient to introduce the following basis of (2,1) forms:
(4.5)
By using the prepotential (4.4) and Eq. (3.11), we obtain the following (symmetric) period matrix:
where
.
(4.7)
Note that I i < 0 in the physical domain of ImN < 0.
Flux quantization on orientifolds
Flux quantization on orientifolds is quite subtle, since there exist 3-cycles "smaller" than the ones on the torus. Following the arguments used in [20] , one notices that under the Z Z 2 ⊗ Z Z ′ 2 and the ΩR(−1) F L action such a toroidal cycle π u , in a general position, is mapped to an orbit of eight toroidal 3-cycles all wrapping the same homology class on T 6 . Therefore, what is usually called a bulk 3-cycle on the orientifold of X is actually, from the toroidal point of view, a cycle where all e Λ and m Λ are multiples of 8. Thus N f lux is quantized in multiples of 64, which exceeds the negative contribution of the O3planes. In fact this would be the end of the story for the Z Z 2 ⊗ Z Z ′ 2 orbifold without discrete torsion. However, for the model with discrete torsion the situation is (fortunately) a bit more subtle.
In the following, we will argue that here e Λ and m Λ are only quantized in units of 4. Consider first 3-cycles on the Z Z 2 ⊗ Z Z ′ 2 orbifold space, i.e. neglecting the orientifold projection for the moment. Naively, one would expect that under the action of Z Z 2 ⊗ Z Z ′ 2 a bulk 3-cycle on the orbifold corresponds to an orbit of four toroidal 3-cycles, 4π u . One can show that the intersection numbers for these bulk cycles are multiples of 4. Since the twisted sectors do not contain any additional 3-cycles it must be possible that toroidal 3-cycles give rise to an integral basis of H 3 (X, Z Z) with a unimodular intersection form.
Thus, we conclude that there must exist 3-cycles in the orbifold, which correspond to only toroidal orbits of length two: 2π u .
These shorter 3-cycles can be seen as follows. Consider the θ twisted sector. In this sector, besides the bulk 3-cycles, we can define fractional 3-cycles, which are of the form π u + π tw , where π u denotes a toroidal cycle and π tw a 3-cycle in the θ twisted sector.
Under the action of the second Z Z 2 such a fractional cycle is mapped to π u − π tw , so that the whole orbit under Z Z 2 ⊗ Z Z ′ 2 gives rise to a pure bulk cycle 2π u , which is indeed what we are looking for.
Taking also the ΩR(−1) F L action into account, we conclude that in the Z Z 2 ⊗ Z Z ′ 2 orientifold model with discrete torsion, the three-form fluxes must be quantized in units of 4 (instead of 8). This is the main reason why we consider in this paper the model with discrete torsion, as here the N f lux is quantized in multiples of 16, which does not exceed the contribution from the O3-planes.
Supersymmetry breaking
In order to discuss supersymmetry breaking, we will examine the transformations of fermions. The relevant terms depending on the 3-form background are [49, 50] δλ ∝ Gǫ + . . .
where G ≡ G abc Γ abc , and ǫ is the supersymmetry transformation parameter. 3 It is convenient to use the following form of D = 10, 32×32 gamma matrices:
where γ µ and γ 5 are D = 4 gamma matrices. I is the 8 × 8 identity matrix; γ i are D = 6 matrices for which we adopt the representation of [51] :
(4.10)
As in [51] , we will denote the SO(2) spinor 1 0 by + and 0 1 by −. The D = 10 spinor ǫ is chiral, and can be written as ǫ = The ΩR(−1) F L orientifold projection leads to one more restriction on the supersymmetry parameters (4.12). In particular it relates the left-and right-moving supersymmetries because of
Thus, we see that the surviving spinor is of the type considered in [50] 
An example with supersymmetry
In the first example, we consider the following flux configuration: Since m×e = 32, we are looking for a solution of Eq. (3.15), with the period matrix given in (4.6). Indeed, one can show that the unique solution to these equations is
The superpotential is
which vanishes for (4.17). Moreover, all derivatives satisfy
so that the flux (4.16) is a pure (2,1) form. This can explicitly be seen by expanding the G-flux as
(4.20)
Hence we expect that N = 1 supersymmetry remains unbroken.
In order to verify this, we examine the supersymmetry transformations (4.8) with 5 G ∝ γ1γ 2 γ 3 + γ 1 γ2γ 3 . These variations are restricted by therefore the corresponding supersymmetry is broken. Note that the unbroken supersymmetry is also preserved by the orientifold projection. One can also check explicitly, that G is indeed primitive.
Neglecting the orientifold projection, the fluxes under consideration provide a nice example of partial N = 2 → N = 1 supersymmetry breaking and moduli stabilization.
This partial breaking has the same origin as in the APT mechanism [52] in globally supersymmetric theories, where "non-locality" is due to the simultaneous presence of electric and magnetic Fayet-Iliopoulos terms, which can be described by a superpotential of the form (3.18). Here, we have found a flux configuration that preserves supersymmetry and fixes one half of the four complex moduli {τ, T 1 , T 2 , T 3 }. In the next section, we will come back to this supersymmetry-preserving example.
An example with supersymmetry breaking
As another example, we consider This is a no-scale supersymmetry breaking, at a scale undetermined at the classical level.
A detailed supergravity description of moduli stabilization and partial supersymmetry breaking in similar orientifold models has been worked out in [53] .
D-branes with magnetic fluxes
So far, we have discussed the consequences of turning on the background G-fluxes. We have seen that they contribute to the R-R tadpole cancellation conditions and that a nontrivial superpotential is generated, which freezes some of the complex structure moduli. In the papers on such flux compactifications the R-R-tadpole conditions are trivially satisfied by introducing D3-and D7-branes located on top of the orientifold planes. In our case, this would lead to a consistent model, even though the massless spectrum on the branes would be non-chiral. If we have really phenomenological applications of such models in mind, we have to introduce branes in such a way that chiral fermions are generated.
A possible way of achieving this is by introducing D9-branes with abelian magnetic fluxes [44, 2, 3] . Such configurations are T-dual (mirror-symmetric) to intersecting D6branes, which have been discussed extensively in the recent literature . Moreover, it is known that such abelian magnetic fluxes, via the integrated Dirac-Born-Infeld (DBI) action, give rise to a D-term potential for the Kähler structure moduli K I s . Therefore, one expects that turning on both G-flux and magnetic fluxes freezes both some of the complex structure moduli T i via F-terms and Kähler structure moduli K I s via D-terms.
R-R tadpoles
In order to cancel the 4-form and 8-form tadpoles arising from the O3-and O7-planes in the Z Z 2 × Z Z ′ 2 orientifold model, we introduce D9-branes with abelian magnetic fluxes. First we notice that under the orientifold projection a D9-brane with a constant magnetic flux, F , is mapped into a D9 brane with the opposite flux, −F . Therefore, one might naively expect that supersymmetry is broken by such branes. For pure D9-branes this is indeed the case. However, by turning on constant magnetic fluxes on the D9-branes, supersymmetric configurations are possible.
The Chern-Simons term for the D9-D9 brane system
introduces possible tadpoles not only for the R-R 10-form but also for lower-rank R-R forms. Here we have taken into account that at the orbifold point (away from the singular fixed points) the manifold is flat, so that the curvature contributions to the Chern-Simons term vanish. Note, that the R-R 10-form and the R-R 6-form tadpole cancels automatically in (5.1). To be more explicit, we choose K stacks of N a D9-branes, a = 1, . . . K, with the abelian magnetic fluxes
turned on on each brane. We use the normalization T 2 I dx I ∧ dy I = 1, for each I = 1, 2, 3.
Considering the T-dual situation with D6-branes at angles, it is clear that we have two co-prime integers (n I , m I ) for each T 2 I to specify such a configuration where N O3 ′ denotes the number of exotic O3-planes. As we mentioned in section 2, the perturbative orientifold model has N O3 ′ = 64, which can lead to brane supersymmetry breaking but spoils any chance of obtaining a supersymmetric brane configuration. Therefore, we are choosing here N O3 ′ = 0. The G-flux of course only contributes to the first line in (5.5), which is the R-R tadpole cancellation condition of the 4-form. Moreover, the 10-form and 6-form tadpoles vanish automatically due to the presence of the D9 branes with opposite magnetic flux. This is consistent with the fact that these forms are projected out by ΩR(−1) F L .
Using the Atiyah-Singer index theorem, or employing simply the results of [2] , the chiral massless spectrum transforming in the U (N 1 ) × . . . × U (N K ) gauge group is given in Table 1 .
Representation
Multiplicity m I a n J a n K a .
(5.6)
As we mentioned, extra factors of 4 appear because we only consider bulk branes.
A comment on gauge anomalies is in order at this point. For vanishing G-flux, the spectrum in Table 1 is free of four-dimensional non-abelian gauge anomalies, if the R-R tadpole cancellation conditions are satisfied. However, for non-trivial G-fluxes this is no longer true and the chiral massless spectrum in Table 1 gives rise to the non-abelian SU (N a ) 3 gauge anomaly:
where we have used the Wess-Zumino descent relation notation, i.e. for a closed gauge invariant form Y , we define Y = dY (0) and δY (0) = dY (1) , where δ denotes a gauge variation. As pointed out in [54] , this anomaly is canceled by an in-flow mechanism resulting from the following term in the Chern-Simons action of the D9-brane:
By the usual descent relations, and taking the wrapping number of the D9-brane into account, this leads to the anomalous gauge variation
canceling precisely the naive anomaly (5.7).
Supersymmetry
In order to identify the supersymmetry preserved by D9-branes with magnetic fluxes, it is convenient to use the formalism of [55] . Applying the results of [55] to one D9-brane with magnetic fluxes, one finds that N = 1 supersymmetry is preserved provided that
for any parameter ϕ a . Here J denotes the Kähler form on the Calabi-Yau manifold. This can compactly be written as Since tan(.) has the periodicity π we have to be a bit more careful here. As is well known, changing one of the angles ψ I by π turns the D9-brane into a D9 brane. Therefore, in order to describe really D9-branes and not D9-branes with flux we restrict the winding numbers to the range n I a ≥ 0 and correspondingly the angles, ϕ a , to the interval − π 2 < ϕ a ≤ π 2 . Then, the supersymmetry preserved by a brane satisfying (5.15) is given by
where ρ(M ) denotes the rotation matrix by the angles ψ I a in the spinor representation [56] . Thus, a D9-brane preserves the same supersymmetry as the orientifold plane (4.13), if
Inserting the form of the left-moving spinor (4.12), we arrive at the eigenvalue equation Therefore, the N = 1 supersymmetry preserved by the orientifold planes corresponds to ϕ o = 0 and therefore, in order to preserve the same supersymmetry, we have to choose ϕ a = 0 for all K stacks of D9-D9 branes.
The scalar potential
The DBI action for a stack of D9-branes with magnetic flux, when integrated over the internal volume, gives rise to a scalar potential of the form
which for constant abelian fluxes is exact to all orders in α ′ . This potential holds for both supersymmetric and non-supersymmetric D9-branes but for supersymmetric gauge fluxes satisfying (5.10) the computation simplifies, as one gets rid of the square-root in (5.20) .
In analogy to the T-dual situation for calibrated 3-cycles, for a supersymmetric D9-brane, this action can be expressed as Thus we see that for generic angles ϕ a , one gets effective D9-, D7-, D5-and D3-brane tensions. Note that the extra factors of (2πα ′ ) in the magnetic flux F and the powers of the dilaton arrange themselves in just the right way to give the effective Einstein frame Dp-brane tensions. Adding also the contributions from the O3-and O7-planes n I a n J a m K a K K E .
(5.25)
As was discussed in [16] , in the effective four-dimensional theory, such a potential originates from the Fayet-Iliopolous terms associated to the K abelian U (1) ⊂ U (N a ) subgroups. By writing the potential as one can identify the Fayet-Iliopolous terms ξ a . This computation shows that the topological term from the flux-induced potential is crucial indeed and participates in the cancellation of Fayet-Iliopoulos terms in the D-term potential.
The positive definite full D-term potential vanishes precisely when the magnetic flux preserves supersymmetry, which means that Im(Φ a ) = 0 for all K stacks of D9-branes.
This leads to the following dynamical constraint for the string frame Kähler moduli:
K I s m I a n J a n K a = 0 (5.27) for all stacks of D9-branes. In general, one has more conditions than Kähler moduli, so that this condition drastically constrains the model.
One might wonder whether the gauge fluxes also induce a superpotential of the form
where ω Y M denotes the Chern-Simons form In fact, if the right-hand side happened to be non-zero, this would invalidate our whole reasoning, as G would have to be combined with ω Y M to give a closed 3-form (as in Type I or in the heterotic string). However, in our orientifold example, the contributions to the right-hand side of (5.30) from the D9-branes and their image D9 branes just cancel, so that the magnetic fluxes only induce a D-term potential. group. Note that the second stack of branes has m (1) = 0 on the first torus and therefore can be considered as a D7-brane localized on the first T 2 . Moreover, as expected from the general anomaly formula (5.7), only the first SU (N a ) gauge factor is anomalous.
A supersymmetric brane configuration
The second stack of branes is supersymmetric for any choice of the Kähler moduli, while the first stack yields the constraint
Thus, the number of unfrozen Kähler parameters from the untwisted sector is reduced to two. We expect that one combination of the 4-form superpartners, C I , also gets a mass via axionic couplings from the Chern-Simons action [6, 16] . Note, that in this example the overall volume of T 6 is not frozen.
This simple example shows that a combination of G-flux and magnetic fluxes on D9-D9 branes allows some of the conceptual constraints for phenomenologically interesting string models to be satisfied. On the one hand, similar to what takes place in intersecting brane worlds, one can obtain a chiral spectrum on the branes. On the other hand, the G-flux can fix some or maybe even all complex structure moduli via an F-term potential, and the abelian magnetic fluxes freeze some or even all of the Kähler moduli via an effective D-term potential. If the D-term potential freezes all Kähler moduli, generically one expects them to be of the order of the string scale, which would spoil in general the supergravity approximation for the F-term scalar potential. Furthermore, the remaining N = 1 supersymmetry can be spontaneously broken in the large radius limit in a no-scale manner if one chooses a suitable G-flux configuration as in Section 4.5.
Of course, for bulk branes we obtain, in addition, open string moduli related to continuous Wilson lines on the D9-branes along the internal directions. These are not frozen in the leading-order approximation we are discussing here. One way to freeze them already at leading order would be to also turn on magnetic fluxes through the Z Z 2 ×Z Z ′ 2 fixed points. These would give rise to fractional D9-branes with frozen open string moduli. It might be that the back-reaction on the geometry freezes (some of) these moduli too.
Conclusions
In this work, we have pointed out that by combining ideas from Calabi-Yau compactifications with background fluxes and from intersecting brane-world models, it is possible to freeze both complex structure moduli and Kähler moduli. The resulting gauge/supergravity theory has many phenomenologically appealing properties: chiral spectrum, partial supersymmetry breaking and, eventually, complete supersymmetry breaking in a no-scale manner, with a vanishing cosmological constant. We have illustrated these issues on a simple example provided by the Z Z 2 × Z Z 2 toroidal orbifold. Of course, these concepts are more general and can in principle be applied to any Calabi-Yau orientifold model with O3-planes.
A very important point is that our computation is only valid in leading order in string perturbation theory. Since the superpotential only depends on the complex structure moduli, it is exact to all orders in α ′ , but α ′ corrections to the Kähler potential will eventually also change the F-term scalar potential. In addition our computation for the D9-branes was exact to all orders in α ′ , as we used the complete DBI action.
Taking the back-reaction of the G-flux into account, it is known that it leads to a warping of the Calabi-Yau geometry, while leaving the dilaton constant. This seems to be promising; however, the D9-branes with flux and the O7-planes do not cancel their R-R charges and tensions locally (which was essential for generating chiral asymmetry) so that their back-reaction will dramatically change the background geometry and will make the dilaton vary over the internal space. Thus, at this stage we cannot trust any longer the computation done in this paper. As we know from F-theory the background is presumably not any longer Calabi-Yau, but the hope is that after all the string background adjusts itself in such a way that indeed the number of moduli is at least reduced in the way computed from the leading order terms and that the gauge group and the chiral matter content are not changed. It would be interesting to understand in more detail what the backreaction is and what other moduli might be frozen by it.
Eventually, it might also prove to be worthwhile to establish duality relations to for instance flux compactifications of Type IIA orientifolds, M-theory or the heterotic string. 
